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NATIONALADVISORY COMMITTEEFOR AERONAUTICS

TECHNICALNOTE NO. 496 ——

A PRELIMINARYMOTION-PICTURESTUDY OY COMBUSTION-., ... ._

ByE. C. Buckley,snd C. Il.Waldron—

SUMMARY .-
.

iiotionpicture–swere taken at 1,850 frames per second
of the spray penetrationand combustionoccurringin the
N.A.C.A. combustionapparatusarranged to operate as a com-
pression-ignitionengine. Indicatorc“ai~k~taken- si-
multaneouslywith th’emotion p~c%fil~sby m—ea%l!-of the
X,A.C.A. opticalindicator. .....— ---___ , _

—
The motion pictures showedthat when igr.itionoccurred

during injectionit started in the sprsy envelope. If Ig:

nttion occur”r-edaft%r injectioncut-off,‘now”e%%r,aria.“after
considerablemixing had takenplace, it was-”impossibleto
predict where the ignitionwould--sl”art.Yhe pictures also
showed tha~ ignfiionusually started at sewer-alp’~~nt’siI-n-
the combustionchamber. With this apparatus,as the‘lnje&--
tion advance angle increasedfrom O0 to 40° before top cen-
ter, the rate of flame spread increasedand the durationof
burnirL~ decreased.
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INTRODUCTION

“. .
Aianymethods have been used to ‘study-the combustion

process in an internal-combustionengine, including:anal-~—
ysis of in=zce=o-iC-a;ds;observationof the flame by a
stroboscope;continuous,or ~lstreakl~,pho%o~raphyof a nar-——— —
row band of the flame “a-sshown through a slit-;-a-na~y-siso“~

gas samples ts.kenprogressivelythro=..ghoutthe Cy-cl%‘by“s-
troboscopic valve; recordingof flame travelby electricde-
vices; and stroboscopicphotographingof t-hespectrum”of the I
gases in the cylinder. Althoughe“acho~l%e’s-iime-t%-ods~a-s
advantagesover the others for studying sorn-e~ar~icula-rphase ‘ -
of the combustionproce-s.s,all-of thaahavedefinitel’irn7ta-
tionso When making a photo&-aph~c-–invSKtigationof combu-s--

.—.-
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tion it is desirableto o%tain a progressivepicture of the
‘;”?.hrespect to both timecombustionas completeas possible,

and includedfield.
. .. . . ... . . .

In jmevious.’workon tho effec”to“f fuel ~aport%ationon
combustionwith the N.A.C.A. cornbnst.ionapparatussome con-
tinuousphotogra-~hic”rec~~dsof the”flame were obtained
t-~rougll2-inch round windows fitted in the si,~esof the com-
b:l,stionchamber (referencel);.’:Thesa picturesgave the ap-
oroxima.telocationof the ignitionrelativeto the spray
R:15ac idea of the rate of flame spread through the combus-
tion chamber. However, they sho~ed the flame spread only
..~hentile- progress of the flame was S1OW and to~ard tha ef~ee
of the ch~mber,givinx the speedof flame in only one dLrec-
ti.on’:’‘“““’; ,)

,,., .....,. “,.
Thl”sreportpresents some of the preliminarywork-dbne

using the Y.A.C.A.combustionapparatusin conjunctionwith
a hi:~h-~peedmotion-picturecamera capableof takingu~c~’ :.
‘rUres at rates u? to 2,250 fr.am~sper second..~otion’pic~. A.

tures trlc-enat tiiisrate ti~rmuRh2-1/2-inch-di8neterglass
windo!vsin the’c~mbustionchambergive:a.fairlv.co.mplmteand-T-*
progressivepicture o~al combustion. U~iderknocking
conditions,however,the com%ustion~rocessis g_ospe~dedup
that, even with the preseh+~camotksp~ed,the flitrne’fills
almost the entirechamber inrthoint’~rvnl%etween succes-”.,..
sive frernes. .

,. “.--:“
,, .!:“.,:‘ .

D3!SCRIPTIONOF APFARATU-SJ;” ‘

A sketch OS the N.A.C.A,combust~onapparatus,as used
in these tests, is shown in figure 1. This ~oparatusas
first built is describedin reforcnces2 an?.3, Severalal-
terationshave been made since t~leseiiescriqtio?lswere writ-
ten. !Tli6h:#d,rau15.tallyoperatedcomp~~%wibn-releasevnlvo
has beei’.ci?+i~=edso that full coiupre~sfori”-press’lreexists
only fo?’th~;$inqlecycle“~nwhich the’injectionof fuel oc-
c~~rs,.the c~+lfnderbeing sca+gnzer!for all’precedin? and... .s7~cce&di.ti~tiycle~. .

..,.,, ,.,.,....
Th@.cornr~on-rsilinjqctfonGybtemon:the:{n:ine, as

first iib~d~t>hiisbeen replacedby s.pnn~”’+iijectlonsystein,
Ihd-o@&f~fi6n’:of”thep.uPpis as follo~s””(secfi~i..l):‘Va3vo
3 allotii’:~h?s~fueldisplaceiiby the’-pudpp~;~ntid$”toby’-pa~.s
b.ac~’~U th~~’~~eltank except wh6n; th#’_:ln$.c.bTf&.&ngage&“for
.,, ‘:v ,-,.>~.c . . . ... ,.!”.. ;!, ..”

..
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an sxplo9LOP.CY.C.,.?● ,Nhen valve B is closed during the
sing,le,rbyolu,t.,io,n,0f the c“ap:s’fiaf%”’,tihe”*timp-piiin:ger.c5m-

. .

p~,es,se.sthe..f,@el,$n’the’pump’r{~~~>~~oi.r:w”~’il~the’plunge~
ipp-r”o”aches“,t~eup’p,er.,1~$,rnit,of,,,~:t“k_.’,t”i-hv-el:,w%en it “opens ;
the..p.o~p:t v-aly.e.4.’.,,Theopqnt’n”<O’S?tialv.e.“A%eleases a ‘
pressurew.ave’i,fitothe ,ipject;lo-n~.t?&b”e,‘ctilidtii~:injection
of,the fuel. This‘pewin,j?c,.t,ion %y.stem “alld”tis“centinuous
circulationof f~’e.lthr,ought41ie’i-rij;ec’t~oiivtilveso that,
by,controllingthe temp”eratrir:e“:o,fl”thtif-u~l-““inthe fuel”
!p%~,“,qnydesire,jl.fuel t,emp~erature’“c”an”be maintainedat :-.... .,,.tne inj”oc”tionval+e.“ ‘-,.:- ,,~.,, . .-’:. . ,.,l._=..:...- >-----

. . .r,. . .~.-,.
In all tests-ttiefue-l‘was‘i’n~~c-ted~f_~-ornthe.’top o~f.,

the combustionchamber,‘~hich“’is‘&t t:her-i”ghtside of all
flame pictures shown. A $-.o’+.if$ce .~oz21ewas used excep”ti
where otherwisenoted. T,hefuel used“in the present._t.e@s
was diesel oil and the q“uantityinject”e-d”per cycle was
0..00025pound, giving.anair factor of about 1.3. ,Thocom-
pression ratio fi”as14.6, s ,.— —

. —
,- ,,

An indicatorhas ~een designed’to izsein conjunc.t$citi
wi,th the engine. This indicatoris of the optical type,
the deflectionof a diaphragmcqusinga corr’esyond:ingde-
flection of a light beam. ‘3!heugva”l&is&dvantagesof thfs
type of instrumenthave been minimizedby a refinementof
design made possibleby the particularconditionsunder
,,whic~lthe instrumentis used. Tinelarge ope%-ingin t~e’”.
.com%nzstionchamberpermits the use of a diaphragmwith a-”-
.}-=3/8-inchdiameter. The natural frequencyof the”~ia-’““
phragl~and mirror is approximately9,000 ~er_secon”d.“~h~
pivot mechanismis of a ty~e Resigned to minimize the”fric-
tion and pzeclude looseness. The effect of temperaturebn
the diaphragmis not an importantconsiderationwith th~s
indicatorbecause of the large mass of the‘diaphra”gtiand
t-hefact t“natit iS exposed to hig~.ternperaturefor onl’y”
one cycle.

A spark coil and timer record on the Indicatorcard
the phasing with respe~t to the engine by photographingtwo
sparks that occur 90 cr-ankshaftdegrees apart. Since the
film drum of the indicatoris driven by a synchronousmotor,
the use of these two sparks enables an allowance tg be made
fjorany rno,men~,ar~ accelerationof the e“ngine’caus~d by the
exy)losiono.Asw~tc,hon the camshaft causes the spar_%s.th
Jump the -sparkgap in.“theiqd.i,catoronly in the single”‘ci-
c.lein which.inj.ect.io,noccurs.” :..-.:.,:...

,.:, . .. .- .&“.=.. ... . -~ ,, ... .,,... .. ... ....



4. N..4.c.A. TechnicalNote No. 496

..The motion-otctur~cam’e’r”ause”din these teste 1s a ‘“
commercial‘product,a descriptionof”whi~limtiy”be fetid
in-.~re.ference:4.’ It dfffer% froa the usual motion-picture
came.r.a..in’that insteadof the ‘int’e”irnittent fil”mmovement
lzsu&zlyemploye”din such cameras,a continuousmovement
of~,tthe..fi“lmis ws.ed. This continucnsmovementis made .“
po’wsi.bleby usin.R,in the -optical“system,a rotatingflat
_orismthat causes the imagoto follow the”‘movingfilm,“ :
;Yith:.th’is.)~camera,motion picturesh~ve been taken “insome;
ins.t~nc.es~.at.2,,250frames.per second. “The particularii-”
l~l~trationsin this paper were taken at.approximately
1,:>50fremes per second;that is, 8.‘p”icttireapproximately
ov’my-{twocramkshcaft..degrees“. Tke exposuretime is one
t-~l.rd’,.of,the time intervalfrom picture to picture. The
‘ivld+%h:tithe film “is’16mm and the type of ftlm used in
these tests was su~ers.ensitIve.D.anchroma.tic,

:. ,.
,,, Ihcludedon the edge of each picture;as seen‘iafig-
ure 2, is a simulte.neousphotographof tha dials of the
clock which is includedin the 3ase of the camera. Ffgure
,2.S;~OWS also ‘ah enlargementof one of these clock”.photo-
~r~phs, This time:record can be red to 0.001 secon~on
the originalfllma with the aid of a magn’i?yinqglas~.
,.. .,. ,
,, During the m~,jorityof thetests t_heapparatuswas

arre.n~cdas in figure 1 with theoptical indicatorfitted
to one side of tilecomlmstion.chambgr. With tti~ arrange-
ment, flame picturesand,opticalIndicatorcards we”retak-
en simultamwwuslyo In order to photographthe tue.1sprays
in tkie combustionchamber the indicatorwas replacedby a
..SGCOildpair of glsss windowswith a piece of ground glass
between them. This ground fllasswas fliveneven, intense
illuminationby an arc light. A~ahst this ground glass
as a neutral background,tho fuel spr~yphotographedas a
da,rksilhouetteand the combustion,becauseof its extreme
brightness,stood out in axcellentcontrast.

.

,“

The first seriesof pictureswith ths.Utgh-speedmo-
tion-picturecamerawas taKon to find the effect of fnjec-
tion advence angle on flame spread.- Figure z shows indi-
cator cards end motion pictures as the co.mb’lstianwith lm-
Jectione.dvancean~les of .0,20, and 40 crank de.%reesbe-
fore ton center. The exact position of tha timia.qlines

.

,
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as given on these recordswas 3° before top center and 870
after top center. The phasing of the m’ovin~-picturefilm
wa~,,determinedby assuming that the start of flame corre-
sp”on’dedwith the startof press;.re”“ris-eon ‘theindicator
cards. Measurements,onseveral sets of “indicatorc-arasand
fl,~e rec,ords,thatwere.,,laterobtainedwith the supplemen-
tary spar,~records showed that this nethod of phasing could
be.used with an er.ro”rof not”more than -+~o...(Seealso ref-
qr.bnce5.) — — .-

The motion pictures of the combustionfor the condition
%n which injectionstarted at top center show that ignition
o.ccuryedabout 50 or 60 after top center and startedat sev-
eral differentplaces near the center of the coin?)ustion
c-hamber.The next frame, two crank degreeslater, shows
“thatthe isolatedareas of burning had become connectedand
the flame had spreadthroughabout two thirds of the combus-
tion chamber. The flame appearedto be intense and had ir--
regular edges which were no- ‘doubtcaused by the unevenness
of the mixture. By the t,imethe third fr-e was taken ih”e
flame had filled tilecom%ust,ionchamber and appeared to.b,e
ve,tiyintense. The indicate-rcard shows”thatthe m&ximuri
prqss,urewas not reached in the combustioncham%eruntil

-,uab’out13° after top center. Beyond 150 after top center the
indicatorcard shows that the pressure dropped rapidly,in-
dicat,in’gth~t the rate at whi-chheat was liberatedby the
burning fuel decreaseddecidedlyafter this

5
oint;--however,

the flame pictures show that the flame ~~lle the cham%er
until more.than 20° after top center. Beyond 250 after top
c.s~ter.the flame steadilybecame smallerbut lasted about”
70? Longer. At 900,‘aftertop center a few tiny isolated
X;@es still exititied.. . .

. ... . .... Tile y“ho-t~g~aphs,of t~e flame for the con~i%i”ogf;
w-hichInjection started200 before top center sh”owt“ha$the
first flame appearedin the chamber about 12° before tgp
center. The ignitionlag was slightlygreater than when
injectionstartedat top centerbut the flame spreadwas
m~~ rapid. Ag~~”nthe flame started in more than one place.
Oti\,Ytwo of these tiny isolatedflames appear iq the pic-
ture taken 120 before top center. Examinationof similar
records indicatesthat, as a rule, more of th~se”nucleiof
burning appeared before the flames spread through the cham-
ber. At 10o before top center the flame had spreadalmost
to the edge of the combustionchamber- a slightlygreat6r
rate of flame travel than was obtainedwhen injection st3rt-
ed at top ceniter..When the third frame was taken the flame
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had spread to the edge of the cham3er in all di,rectio.ns
e’Xeept’one i601atedregion. I.nsucce:adingpictures thi,s
da+lfregion moved around the chamber slig~tly~nd, al-
t.hwwgkflamereactied.all part:sof the chamber,it never
eris.ted’~iniall parts:of the ch’w.mbersimultaneously. The .

!im~ib”at,oraa~.d:.%how”st:hat:the’:,.~tartof pressur~rise.was “
~r”adubl.~,ild.,ib~ooth ahd., hb~.t maximum pressureoccurred-..i:n’“

?.,~i=J&ahb,~~,,a’t,tOp”c=nt!er~‘ A1.thouqhthe rate of pT?8SUYb
..%~%ewas ~.apidi~t~’.,was’’..r~:apid:pid:enou~h to cause kn.oc~k.:”_T~Je
flame Ticturee show that at top center the flaw.ewas “bkgl-n-
nin.~to die out in the coh%ustion chamber. Flam~ continued

~:(~hm;~”;i~SO,?after top.‘center..The flame in this a’fte’rlnzrning
-;~:ekLoc&h.kd..’a-diffenenb~-’appearancefrom the’aft”eY%urning
-,tka.ti>oecv~r”ed%luen:.ih+lwmtionstartedattopcenter in that,

wit:h..kn”.Lhject.tion‘start:of 20? l~f%m top center, the late
bura.ifi~apbe~ed tio.b”emassesnf burning-ges insteadof

:more or less,i”solated..ziuclei.

I’Kn%nthe injectionadvance angle.was increasedto’-40°
tho -ignitionlag was greater than the lag”~btafinedwith the
00.anfl2C)oJadvance angles. The first si’gnof combustion .
was two srjI#ll flaiflest:natappeared15° before top cep.ter.
3y 2G later.the.flames had spread to th~ ddges of the cham-
ber inalmost all directions. The indicatorcard shows a
that the rate of.press~lrorise was so rap’idth=t it set the
in~.icat”orto vibrating;however, this part-icalar exnlosion
ti$wihoi eccomFamied%y a knock. The card,shows that the
r~tti’-df~he+itinput‘haidecreaseddecidedlyand the flam~”
~Vcit~re””s“show“thatthe flame was dying Out’:r’apidlyat top
.’aiefitdr’tA~:10n”tifte~top center the flatii~ehad died out
c:~’.~jq”~,e~e~~~6; Si~:cet-hefl,we continued“inthe’top of the

—

c&tib’tir f“orsome’timeafter it had disappeared.inthe bot-
tom, the Injectedfuel evidentlydiflriot’~dr.m “a~h”omageneous
mixturewith the air.even when injectm340° beforo top cen-
ter,””&d25° befor~‘ignitionstafied;”‘~”~”.:js”~“--”~
:;I ‘:P.;. ..... .,., .,,. ,-::’.-.-,=--.1-,.*-..- -. ,--------— ....
‘IC13Fi@re .3shows”-som’eer.largemefits,to’sIi”gk”t.1~‘less

th~il full size, of th; flame pictures obtain”eqwhen fuel
‘wasinjectedf~om a,single0.’O6O-~nchnozzle”i”’injection
“Startingat top center, It may he noted that \gnition
$tartedin the-envelopeof the spray ‘~”tmore “~-h”an.o.n,eptisi-
,tioa. The secondfr+=:leshows-‘iiowthe“flames“’ti@:’flr~gad
and how burning‘hailstartedin sevecalne~ is”o.l.A’ied’areas.
In the lower l~i~ht-~~.ndsectionof.the flame“’~%b..spray”,ban
stflllbe seenp‘Tle third frame also shows the Yuel sppaY
and shovs th+’$‘tha‘fl’~.meshad spread to the bottom of the
wi~idowsand.”a.~b$th.alf-tiay.tothe side of “thecozibustion,., , ,,,.

“

*
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chamber. The tenth frame”%%ol~s”tie’f~f>”m%coniinuifiq”to‘
spreadbut never com~letelYfill.inrthe ch$mber. Thg other
two frames she= the flme d.yipgout at the-top of,th6chamb-
er, butcontinuingto by’rn.’at.~’th~~~bb~t”oa”.\“Thelast frame
shOws the’‘small,“isOls.,te~.,.~U,Cle~”:ofl}g~an~.~scenc?a.,,....... , ~-.—--:---...-:-.-y_Y=--—+..-~,, .*—:== .--–..-

Figure 4 shows some enlargementsof photo~raphs of
the spray and the flame, to slj.$>.tl,yless than fui~ sf”ze,........
when injectionstartedat ‘-t’OP‘cen~e’r.Tnree frames of the
fil,m,of which the third is reproducedin figure 4, s-now:
sil,houpttesof the ,spray.in the chamber. The fourth frame
“still,sh’owsthe spray silhouette”aria.also sh”o~s”the start
o-fthe fl’amein the en~e’lop~ “of one of t~e- sPrWs*l ‘his
%mall flame.’hasa very irregular’outline and its brightness
vari,es.,,The fifth frame ShO.WSthe fl%m~s 5Pread to .!h~
edge’.dfthe’chamberin.’bn.G.@iTeGt.iOnand to the .ceri~er”o_$
t’hecham%or in the,oth”er.”~irectio’n:,but $til~p~,esegting
a very’uneven appearance; This frame also Shows a“”nucleus
of burning in the spray envelopeon the apposite s~de of
the chamber. The succ,eed.ingpi~t.uresshe= the ap-tiiar%nce

.

of ,the,flamea,sit.,s~read”-th~ou+hth’erest :pf}~e c~am~qr”q ___ “~,-
A study of the originalfilm with a mag!nifying’:glass”

gives a,.b.e.}t.er.\!eao.fthe details-of the comb.ustionth~,
,caribe o%tainedfrom the ‘contactprints shown”in.~~aro .2*
How&ver, a full z+~preciationof th-&motion and continuity
bf the cohbusti”o~_cawbe oltalned“onlyfrom the projection
of the film as a motion picture.

..

. . ‘, ., -- .r- . ..-L-- -

,,>. .,,

‘CbNCL”USIOtiS . ‘ “ ““’”“- -., —

From a stlidyof the high-speedmotion picturespre-
sented the followingconclusionscan be drawn: ,..——..—

1. When ignitionoccurs during fuel injectioni.na
compression-ignition engine it starts in the svray envelope._+
but when ignitionoccurs after injection,amdafter conside~
able mixing has twen place it is fml?o~sible‘o “Pr~dict”.
where the sts.rtwill occur.

2. Combustionin a compression-ignitionenginevsu@- ~
ly has many ignitionnuclei.

.

B

3. With the N.A.C.A. combustionapparatus!as the in-

—.-
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.jec-ti~nadvance angle Lncreasesfrom O to 40 crank degrees
..before top center,the rate’of flame spreadincreasesand
. the durationof burn5ng decreases.

,+’..
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